INTRODUCTION
Compaction grouting, an in-situ static compaction technique by means of grout injection, has been in use since the 1960s in the United States for settlement control and bearing capacity improvement (Graf, 1969; Brown and Warner, 1973; Warner and Brown, 1974; Warner et al., 1992 , among others). It has been increasingly adopted for improving the liquefaction resistance of loose sandy ground in more recent years (e.g., Boulanger and Hayden, 1995; Miller and Roycroft, 2004) . In Japan, techniques involving larger-size machinery, such as dynamic Sand Compaction Pile (SCP) methods, have traditionally been preferred for such a purpose, because many anti-liquefaction stabilisation cases deal with vast reclaimed lands. However, small but more mobile and less violent static compaction grouting systems have been in growing demand, often for the treatment of soil beneath existing and servicing structures. Engineering work beneath airport runways and taxiways, in particular, needs to be undertaken during night hours bracketed by service hours, requiring swift machine mobilisation and removal. The work also inevitably involves penetrating through existing pavement layers and leaving undesired bumpy surfaces. The compaction grouting is advantageous in this respect too, as the required borehole diameter is generally small, typically some 70 mm, compared to the pre-augering of more than a meter in diameter necessary in SCP methods. Figure 1 illustrates a typical arrangement in the compaction grouting, in which injected grout bulbs form piles, installed at regular spac-ings in a triangular (or sometimes square) pattern. Installing a single grout pile involves pre-boring and cycles of injection-rod lifting alternation. The injected viscous grout displaces and compacts the surrounding ground, as opposed to inˆltration grouting, in which a less viscous admixture is let inˆltrate the ground without notable soil displacement.
An increase in the liquefaction resistance of sand caused by compaction grouting is presumed to derive from three possible mechanisms. They are, (i) increase in the lateral conˆning stress, (ii) densiˆcation and (iii) reinforcement by hydrated and hardened grout piles. A design of grouting speciˆcations should in theory be based on these mechanics. In practice, however, most existing design approaches are rule-of-thumb types, with the above factors only evaluated with SPT-N values before and after execution. A case for this approach in Japan is the accumulated data and conˆdence from SCP methods in the past . However, this practice, being highly empirical in nature, cannot be blindly extrapolated to conditions that fall outside past experience. Importantly, compaction grouting is normally executed with much lower improvement ratios, as deˆned in Fig. 1 , than SCP methods. One of the reasons for this is that, when treating a large area with comparatively small machinery, maximum e‹ciency needs to be pursued by installing the grout piles at the largest possible spacings with smallest possible injected volume.
Detailed, systematic studies of ground condition changes due to compaction grouting have been limited in number. The study by Nichols and Goodings (2000) is one of the very few reported cases in which compaction grouting was simulated in a centrifuge. Other researchers mostly performed 1-G miniature model tests in calibration chambers (Shinsaka et Kovacevic et al. (2000) treated a case with a clayey soil, demonstrating the in‰uence of delayed water pressure dissipation during and after grout injection. While the above studies were helpful in drawing an outline of ground behaviour during compaction grouting, they typically focus on a single grout pile installation and oŠer little insight into the state of ground embraced by multiple piles. Understanding the process of stress changes by progressive, multiple grout pile formation is a necessary step from a basic study to a practical, quantitative study of the stabilisation eŠects.
The present paper's main focus is on stress changes caused by multiple grout pile installation, studied in a geotechnical centrifuge. The developed in-‰ight apparatus is capable of injecting three grout piles continuously, allowing the minimum unit of the triangular pattern ( see Fig. 1 ) commonly adopted in practice to be completed. In view of the recent demand for higher e‹ciency as described earlier, relatively large pile-to-pile spacings, meaning less total injection volume per site area, were considered. Newly developed test apparatus and miniature injection techniques are described in detail. The signiˆcance of the observed stress changes in relation to liquefaction resistance, related to Mechanism (i) listed earlier, is demonstrated by a series of cyclic undrained hollow cylinder simple shear tests.
EXPERIMENTAL SETUP

Centrifuge and Grout Injection System
A beam-type geotechnical centrifuge with the eŠective radius of 3.8 m, owned by Port and Airport Research Institute, was employed to apply centrifugal acceleration of 30 G to the tested ground models. An assembly of a soil container and grout injection system, approximately 550 kg in total, was mounted on the centrifuge platform and subjected to centrifugal acceleration.
The whole assembly is illustrated in Fig. 2 and shown in Photo 1. The adopted soil container was cylindrical, with an inner diameter of 540 mm and a depth of 500 mm. It had a rigid steel wall, whose inner was lubricated with silicone grease and a layer of latex membrane. The steel wall was reinforced by welded vertical ribs to endure the load from the hoist system atop. The hoist system consists of a steel frame carrying three linear-head motors diametrically deployed at 1209 apart from each other. Each of them is driven independently, lifting three rams, each of which was clutching an injection rod. The horizontal locations of the rods were adjustable in the radial direction and the rod spacing (x in Fig. 1 ) could thus be changed while the triangle centre wasˆxed at the container centre. The motor gears were set to achieve a lift rate of 1.1 mm/sec.
Three motor-driven hydraulic pumps, speciˆcally developed for this study, were also mounted beside the container on the centrifuge. The pumps have a pressure capacity of more than 10 MPa and the injection rate can be preset at any value between 0-0.4 ml/sec. The injected volume was calculated by monitoring the piston displacement. The pumps wereˆlled with water to generate water pressure, which was then applied to the grout stored in the interface cylinders mounted on the soil container rim. Each interface cylinder had a smooth piston inside to transmit the pressure with a minimum loss. The grout's consolidation and unhomogenisation before injection, caused by the self-weight under centrifugal acceleration, was mitigated by designing the cylinders in a slender shape and laying them horizontally. The injection pressure from each interface cylinder was measured by the pressure transducer connected to the cylinder's water chamber.
The grout displaced from the interface cylinders was sent to the injection rods. They were made of stainless steel, with inner and outer diameters of 5 and 8 mm, respectively, and a length of 45 mm. Thick and stiŠ Syn‰ex tubes were used for the water and grout transport between the pumps and the cylinders, and between the cylinders and the rods. The connection of the tubes was made with couplers produced by Swagelok Company, which had a straight, smooth inner with the same diameter as that of the Syn‰ex tubes and the injection rods. This arrangement ensured that the grout's passage diameter was constant all along, reducing the possibility of clogging up. It also turned out essential to put in advance a small amount of high-viscosity silicone grease ahead of the grout's advancing front. This was to prevent a freefall of the grout from the highest point in the tube under centrifugal acceleration at the initial stage of injection. Such freefall led to instant segregation of the grout, and the segregated sand particles jammed the rod tip.
Grout Preparation
The mortar grout used in the compaction grouting technique is normally prepared by mixing a few diŠerent kinds of soil to adjust gradation such that it is su‹cientlyˆn e to ‰ow through the tube and rod, while su‹ciently coarse at the same time to displace the original ground without inˆltrating into the void. Figure 3 shows the typical range of gradation adopted in Japan (CDIT, 2007). The gradations reported by Warner et al. (1992) also fall in this range. To simulate a grouting process in the miniaturised centrifuge model, consideration must be given to the small tube and rod inner diameter. By trial and error of mixing and injection, the present study found a suitable mixture; the Soma Silica Sand #5, the Kawasaki Clay, Portland cement and water at the ratio of 40z:60z:12z:50z by weight. The obtained gradation, shown in Fig. 3 , broadly corresponds to the lower bound to the prototype range. A small dose of retardant (7z of the cement weight) was admixed to prevent the early hydration of cement before injection. The properties of the ingredient soils are shown in Table 1 .
Ground Model and Grout Injection Procedures
A typical ground model is illustrated in Fig. 4 in horizontal and vertical cross-sections. The physical quantities shall hereinafter be quoted all in the prototype scale. The ground was prepared by air-pluviating the Soma Silica Sand #5, targeting the relative density, Dr, of around 60z. To determine this density, which is at the upper end of the density range for undrained cyclic instability, the operational ease of the experiment involving many stages with model container hoisting and transporting was taken into consideration. In one of the tests, d18D, the density proved to be higher than intended, and its potential eŠects will be discussed where it is considered particularly relevant. The behaviour of Soma Silica Sand #5 studied in drained triaxial compression tests is shown in Fig. 5 . The rods and the pressure cells had been suspended before the pluviation and were cut loose once buried. Most of the tests involved dry ground model to achieve better accuracy in stress measurements, as described later. An additional case of d18S was set, in which the ground model was saturated by water to investigate potential in‰uence of reduced eŠective overburden pressure on surface heave. The surface heave was measured at the ground centre by an LVDT.
As summarised in Table 2 , the grout pile spacing, x, was set at 1.8, 2.4 or 3.0 m with theˆxed equivalent pile diameter, d, of 0.7 m. The improvement ratio, as, deˆned as the pile's horizontal cross-section area per ground area, then varied according to x ( see Fig. 1 ). The spacing adopted in practice so far in Japan has been 2.0 m or less, with a corresponding improvement ratio of 5z or more (although, interestingly, the spacings quoted in the American literature tend to be larger; Boulanger and Hayden, 1995, for example, reported a case with 5.1-m spacing). However, larger spacing is in an ever-increasing trend to boost execution e‹ciency by reducing the number of holes that need to be pre-bored for injection. The large values for x with conventional values for as adopted in the present tests are intended to explore the soundness of such an approach.
Grout pile installation was conducted in a bottom-up sequence once the ground model was subjected to a centrifugal acceleration of 30 G. The subsequent procedures involved alternating stages of injection and rod-lifting, starting from a depth of 9.9 m up to 2.4 m, at 0.33 m steps. The speciˆcations of the injection are summarised in Table 3 , which also indicates the model-to-prototype conversion ratios. The injection and lifting rates are both speciˆed to be compatible with those commonly adopted in practice. Once a single grout pile was formed through Rod 1, the same procedures were repeated with Rod 2 and then Rod 3. Preliminary tests with pore water pressure probes conˆrmed that the excess pore water pressure was negligible at any time in the saturated case.
Earth Pressure Cells
Pressure cells of a semiconductor type, produced by SSK Co., Ltd., were embedded in the sand ground models to record the stress. The cells were 10 mm in diameter and 3 mm in thickness. Two sets of three cells were deployed at the centre of the triangle pattern deˆned by the three rods. The three cells were oriented at 1209to each other so that each of them faced one of the rods, as illustrated in Fig. 6 .
Measurement of pressure in granular materials by a pressure cell has been known to require extra caution. A number of studies report non-linearity and hysteresis observed in measured pressure mainly due to the cell diaphragm's compliance (Clayton and Bica, 1993 2009) is to choose a cell with as stiŠ a diaphragm as possible even at the expense of resolution. The authors conducted calibration tests in the centrifuge, in which the performance of diŠerent pressure cells was evaluated against known overburden pressure by the same sand as used for the tests. The results, as shown in Fig. 7 , indicated that the SSK cells' linearity was satisfactory for the range of 0-70 kPa, as against that of more common strain-gauge type cells. A disadvantage of this calibration scheme was that it was not suited for use at much higher pressure. In the test cases with x＝1.8 m, the recorded pressure reached, albeit for a very short period, values as high as 500 kPa. While the near-perfect linearity observed here is not guaranteed in such a case, the pressure levels during most of the time in most of the cases remained less than 150 kPa, and, with the trend seen in Fig. 7 , a severe degree of non-linearity and hysteresis is not expected for this pressure level. When submerged in water, however, the pressure cells always recorded the eŠective pressure (i.e. the measured pressure minus pore water pressure) signiˆcantly lower than calculated, irrespective of their sensor types. It is for this reason that the tested ground models were dry in all but one case.
Hollow Cylinder Apparatus and Testing Method
Laboratory cyclic shear tests to evaluate the liquefaction resistance of soil are usually performed from small initial K0 values (0.5-1), because the tested soil is typically recently-deposited, normally-consolidated loose sand. A diŠerent approach is necessary for sandy ground improved by lateral compaction and having high K values. Hollow Cylinder Apparatus (HCA) is a convenient tool in reproducing undrained cyclic simple shear due to earthquake motions from initially high lateral stress states. By mimicking not only the initial stress but also the deformation mode, the sand's anisotropy in the liquefaction resistance can also be correctly considered. An increase in the horizontal eŠective stress, corresponding to compaction grouting, is simply achieved in HCA by increasing the inner and outer cell pressure while keeping the vertical stress constant, as in conventional triaxial apparatus. By constraining all the normal strains to be zero and applying torsional shear, the undrained simple shear is also readily achieved, as illustrated in Fig.  8 .
After saturation, the specimens were consolidated along the paths shown in Fig. 9 . The consolidationˆrstly followed the K＝0.5 path, meant as a nominally K 0 -path, and then the horizontal stress was increased to reach either K＝1 or 2, imitating the compaction process. The consolidated specimens were subjected to undrained cyclic simple shear at diŠerent shear stress amplitudes until liquefaction deˆned by 7.5z double amplitude of gzu was reached.
FORMATION OF GROUT PILES AND INJECTION PRESSURE
The grout piles formed during the centrifuge tests were observed by excavating the ground model after the centrifuge was stopped. A typical view of the formed piles is shown in Photo 2. They broadly resembled real grout piles formed inˆeld, with no obvious discontinuity or tapering trend. The equivalent pile diameter after the tests, calculated from the length and the volume, was typically 0.60-0.63 m, while the injected volume was controlled to make it 0.70 m. This discrepancy is accountable by loss of the grout water during and after the injection, probably caused by radial consolidation. This consolidation may be exaggerated in the miniaturised centrifuge tests, in which the cement hydration time could not be reduced according to the similitude law. Inˆeld, the grout may start hardening before the consolidation is completed, while this is unlikely in the 1/30 scale model.
An example of the time-histories of injection pressure, as measured by the pressure transducers (Fig. 2) , is shown in Fig. 10 . The pressure loss between the injection rod tip and the water reservoir, caused by the piston friction and grout viscosity, was calibrated and found to be 100 kPa at maximum. This is small in relation to the pressure magnitude involved in the tests, and no correction has been applied to the data shown here. It is noted in the pressure record in Fig. 10 that the pressure reached ultimate values quickly after resuming injection. The ultimate pressure, P u , is plotted against depth for each test case in Fig. 11 . It is broadly linear above 8 m depth, while later injection via Rods 2 and 3 tends to exhibit slightly higher Pu values, re‰ecting gradual stress build-up and increasing degrees of compaction. The lines representing P u ＝30g d z and P u ＝50g d z (g d is the dry unit weight and z the depth; for Case d18S, the eŠective unit weight, g? is used in place of gd), also shown in Fig. 11 , seem to bracket the experimental date. These factors, 30-50, are compatible with the commonly quotedˆeld values of 20-100 (e.g., Shinsaka et al., 2003) . Shinsaka et al. found that the factor of only 8-10 was obtained in their miniaturised 1G model tests. It is thus suggested that reproducing theˆeld stress level is an important factor in quantitatively studying the pressure and stress characteristics involved in compaction grouting. Below 8 m in depth, the Pu values exhibited reverse, increasing-upward trends. This Pu-z curve shape may indicate combined eŠect of two mechanisms at simultaneous work. As the injection point moves upward, the previously compacted region beneath the current injection point functions as a foundation, providing larger bearing capacity against subsequent injection (increasing-upward trend). At the same time, the over-burden pressure, which also resists the expansion of the grout bulb, decreases in proportion to the injection depth (decreasing-upward trend).
INFLUENCE OF INJECTION DEPTH ON GROUND SURFACE HEAVE
The surface heave accompanying grout injection is important not only because it is a great engineering concern on its own but also because it is indicative of the ground deformation mode, which should have a direct relation with the stress changes. The ground surface heave measured at the triangle centre is shown in Fig. 12 for each test case. Although the heave by the`virgin' injection through Rod 1 is ideally supposed not to be aŠected by the pile spacing, it varied between the cases, possibly due to the existence of the embedded injection rods and the diŠer-ences in the initial ground density. Nevertheless, a critical depth is clearly discernible at around 3.5-4.8 m in depth, and above this the heave initiated visibly. This depth was, interestingly, the same for the dry (d18D) and saturated (d18S) ground models, despite the diŠerence in the eŠec-tive vertical stress (gd＝14.3 kN/m 3 in d18D and g?＝8.9 kN/m 3 in d18S). The ground deformation caused by grout injection is often interpreted with a cavity expansion mechanism in an elasto-plastic inˆnite medium (Vesic, 1972) for deep injection and a cone uplift for shallow injection (Graf, 1969 (Graf, , 1992 . El-Kelesh et al. (2001) developed a theory combining both, indicating that a critical depth dividing the two deformation modes can be calculated by looking at which mode provides smaller limit pressure, as illustrated in Fig. 13 . Although this theory assumes an isotropic inˆnite ground for deep injection, as opposed to an anisotropic half-space in reality, it predicts the critical depth to be 3-4 m for a variety of realistic input parameter sets, coinciding well with the experimental observation in the present study. Referring to Fig. 11 , a discontinuity in Pu is palpable in many cases at the same critical depth of 4-5 m.
The surface heave distribution after completing injection through the three rods is mapped in Fig. 14 for all the cases. The heave contours are broadly co-centric with the grout pile pattern, while minor biases toward the later grout piles (i.e., toward Rods 2 and 3) are seen. These biases are not explained by simply superposing three identical axi-symmetric heaves expected for three independent single grout pile installations in a virgin ground, and are indicative of multiple pile interactions. By increasing the pile spacing from 1.8 m to 2.4 m, the maximum surface heave was drastically reduced. The percentage of the injected volume consumed by ground compression (＝(injected volume-heaved volume)/injected volume) was, 47.1z, 90.4z, 82.0z and 44.6z in Cases d18D, d24D, d30D and d18S, respectively, by deˆning the injected volume as measured after the tests to disregard the emigrated water. These values of course depend on the grout pile depth and length, but are indicative of the compaction e‹ciency.
STRESS CHANGES DURING GROUT INJECTION
Stress Increase and Relief
The changes in the horizontal stress, or the pressure cell measurements, recorded during grout injection are shown in Fig. 15 through Fig. 17 for Cases d18D, d24D and d30D, nominally expressed as K＝(Horizontal eŠec-tive stress, s? h )/(Initial vertical eŠective stress, s? v0 ). It is nominal because the deˆnition does not consider the subsequent change in s? v. The data for d18S are not shown because of the poor pressure cell performance underwater described earlier. The average measured initial value of K(＝K 0 ) was 0.32, which agrees fairly, if not perfectly, against the value estimated by Jaky's equation, K0＝1-sin 379 ＝0.40. Arching eŠects by the existing injection rods may have been partly responsible for the underregistration. One of the features common to all the cases is that the horizontal stresses at both 4.2 m and 8.1 m depth reached a peak value when the injection occurred at the same depth; i.e., when the rod tip was lifted to the pressure cell depth. The pressure cell facing a rod through which injection was being conducted recorded especially large stress increments. The horizontal stresses, after reaching a peak, decreased gradually while periodically exhibiting small recoveries due to the subsequent injection occurring above. This overall trend of partial stress relief after the peak is considered to be caused partly by the grout consolidation and resulting strain reversal in the displaced sand. It is therefore probable that stress relief is somewhat exaggerated in the centrifuge tests, given the possibly greater magnitude of grout consolidation in the miniature tests. However, stress relief should also derive from the creep of the surrounding sand, which is a process common to both centrifuge tests andˆeld execution.
The horizontal, radial stress outside the unit triangle, as measured by E4-6 at 4.2 m depth and E10-E11 at 8.1 m depth ( see Fig. 2 ), also increased signiˆcantly, almost by the same magnitude as those at the triangle centre. This fact indicates that the region outside the triangle may be partially improved, at least in terms of the stress increase. As discussed subsequently, however, the eventual stress increase in this peripheral region is not likely to be isotropic and the same conˆning eŠect as at the triangle centre is not expected.
Principal Stress Rotations
The principal stress axes rotate in complex ways as the injection progresses from bottom to top and from a rod to another. The rotation occurs within a vertical plane during single grout pile installation, as Tsukamoto et al. (2000) indicated. When multiple piles are installed one after another, horizontal rotation of the principal stress axes is superposed on the periodic vertical rotation. The arrangement of the three pressure cells at a nominally single point (Fig. 6 ) in the present study permitted the construction of Mohr's stress circle within horizontal planes, as illustrated in Fig. 18 . The measurements by the cells facing Rods 1, 2 and 3 are here denoted as s? A, s? B, and s? C, respectively. By assuming a plane stress conditions (i.e., no tvh), the stress invariants s?, t, and u are calculated by the following relationships.
(1)
Note that u is the angle between the directions of s? A and the major (or intermediate, if the vertical, out-of-plane stress is larger) principal stress, s? 1. The plane-stress assumption may be more valid at the end of each grout pile installation, as the injections from deeper and shallow points eventually cancel out tvh. At the transient stages, s? 1 and s? 3 may be interpreted more appropriately as projections of the true principal stresses onto a horizontal plane. The values of s?, t, and u calculated for Cases d18D, d24D and d30D are shown in Fig. 19 through Fig.  21 . As u is indeterminate when t＝0, its values are plotted only for t/s?À0.2. It was observed in all the cases that, as the mean eŠective stress, s? built up for each pile installation, the shear stress t decreased and the stress in the horizontal planes became increasingly isotropic. This fea- ture indicates that the ground can be conˆned in a horizontally isotropic manner even by progressive, not simultaneous, formation of discrete grout piles in a triangular arrangement. The other side of this feature is that the radial stress increase observed outside the improved triangle, caused by injection from only one predominant (radial) direction, is unlikely to be accompanied by a similar circumferential stress increase. The conˆning eŠect in this region may therefore be partial. The development of u shown in Fig. 19 through Fig. 21 is simpliˆed in Fig. 22 by focusing on two stages corresponding to the end of pile formation via Rod 1 and Rod 2. The stress states in the horizontal plane before any injection, and after pile formation via Rod 3 were practically isotropic. The principal stress rotation exhibited slightly diŠerent characteristics between the two depths. At a shallower depth of 4.2 m, the s? 1-direction simply followed the direction of the most recent injection, while t/s? gradually decreased until the eventual isotropic state is reached. At a deeper depth of 8.1 m, the s? 1 -direction followed the direction of the`cumulative' injection; that is, it is along the line of symmetry between Rod 1 and Rod 2, apparently aŠected equally by the injection via these rods. The`additive' nature of the stress development at the 8.1 m depth is apparently indicative of more elastic behaviour in comparison to more plastic behaviour at the 4.2 m depth, hinted by the strain-path (i.e. injection order) dependency of the stress. The deformation modes at the two depths may well have been diŠerent, as the depth of 4.2 m falls on the critical depth range where the surface heave initiated, as noted earlier, while the depth of 8.1 m is far below it.
K-x and K-as Relationships
The peak and ultimate residual K values observed in the triangle centre are plotted against the pile spacing x and the improvement ratio as in Fig. 23 . The in‰uence of injection density is clear, with higher injection density (i.e., smaller x and larger as) resulting in higher K values, both at the peak and residual states. The residual K values are also plotted in Fig. 24 along with data from two reportedˆeld cases involving diŠerent grout pile speciˆ-cations with d＝0.5-0.7 m and x＝1.5-2.0 m (Site 1 by Fujii et al., 2002 , and Site 2 by courtesy of the Kanto Regional Development Bureau, Ministry of Land, Infrastructure, Transport and Tourism, Japan). Theˆeld data The four data sources quoted above, involving physical modelling,ˆeld execution and numerical analyses, do not point to a unique rule as to the post-injection vertical K distribution. Theˆeld data should be viewed with considerations to the fact that the shallower locations may have been aŠected by the ground water level ‰uctuations and surface active loads. The runway subgrade extended to 1.5 m depth at Site 1. Being a reclaimed land, the ground condition is also likely to have been highly nonuniform. As the cited examples of numerical analysis suggest, the post-injection K distribution is subject to vertical variations of soil's stress-strain relationship associated with both stratiˆcation and initial stress levels. It should also emerge as a consequence of diŠerent ground deformation modes according to the injection depth, which may be called a`boundary condition' eŠect. The above diŠerent studies seem to re‰ect both of these two eŠects by diŠerent degrees. The results of the centrifuge tests, in which the used sand was uniform as well as being by and large normalisable (i.e., q/p? behaviour insensitive of p?) in the stress level involved, should re‰ect more purely the boundary condition eŠect. The larger increases of K at 4.2 m depth than at 8.1 m depth in the tests are consistent with the earlier observation that the stress reorientation was of more plastic nature at 4.2 m depth.
SIGNIFICANCE OF INITIAL STRESS ON LIQUEFACTION RESISTANCE
Increased liquefaction resistance against a given stress ratio (i.e., the amplitude of the shear stress, tvh, to the initial vertical eŠective stress, s? v0) by elevated initial K has been reported by, for example, Harada et al. (2003) and Hosono and Yoshimine (2004) , who adopted similar HCA simple shear techniques as the present study. Harada et al. (2003), by combining the results from such laboratory tests and calibration chamber tests, proposed relationships between liquefaction resistance and SPT-N values via K, considering SCP installation. The present study, with theˆndings from the centrifuge tests, proposes a diŠerent approach, in which liquefaction resistance is related to the improvement ratio, as, via K. Harada et al.'s approach is more useful when execution has already been completed and its eŠectiveness is evaluated by conducting SPTs. The proposed approach aims to assist initial designing of compaction grouting speciˆ-cations, including pile spacings, and possibly pile diameter.
The liquefaction resistance curves obtained by the HCA cyclic simple shear tests are shown in Fig. 25 for all the initial conditions. In accordance with the previous literature'sˆnding, liquefaction resistance was signiˆcantly higher for higher K values, directly indicating the beneˆt of horizontal conˆnement. An interesting feature of the Soma Silica Sand #5 is that its cyclic stability was relatively insensitive to the initial density, at least for the range of D r ＝50-70z. Unpublished preliminary centrifuge tests by the authors suggested that estimated densiˆcation due to the simulated compaction grouting did not exceed DDr＝10z for this sand. Ignoring the densiˆ-cation eŠect would therefore be a safe and yet not too conceding simpliˆcation for this particular sand. By using the K-as data (for deeper locations) shown in Fig.  24(b) , the liquefaction resistance, expressed in terms of RL (stress ratio that is necessary for causing liquefaction at a speciˆc number of cycles; the subscript numbers indicate the cycles), is related to the improvement ratio as via K, as shown in Fig. 26 . The resulting RL-K-as diagram allows the pile spacing and diameter to be determined according to a desired liquefaction resistance level. It should beˆnally reiterated that the data consisting the K-as relationships were obtained for d＝0.5-0.7 m and x＝1.5-3.0 m, with the centrifuge test andˆeld data combined. Grouting with similar as values but with speciˆcations falling widely outside these ranges, such as combining very large d and x, or very small d and x, may well aŠect the ground stress through a diŠerent mechanism and hence a diŠerent K-as trend.
CONCLUSIONS
Ground responses against anti-liquefaction compaction grouting were studied by centrifuge tests, with particular interest in the horizontal stress changes. Apparatus and experimental techniques for simulating compaction grouting were newly developed and conˆrmed to be successful, with relatively uniform grout piles formed in the centrifugeˆeld. The recorded level of injection pressure was consistently within the range commonly encountered inˆeld execution, suggesting that the centrifuge testing, by reproducing realistic stress levels in the ground models, was an appropriate approach to the problem.
Considering cases of triangle-patterned improvement with three diŠerent pile spacings (1.8 m, 2.4 m and 3.0 m), the following features were observed in the ground stress change. The horizontal stress at a given point exhibited a peak value when the injection occurred at the same depth. The consolidation of the injected grout, probably in conjunction with the ground's creep, led to reduction of the horizontal stress to an ultimately stable level. The grout consolidation may have been exaggerated in the miniature centrifuge models than in reality, potentially leading to underestimated residual K values. This observation nevertheless poses an important implication to future development of the grouting practice that keeping grout's compressibility and permeability at minimum is a straightforward way to obtain better conˆne-ment eŠects. The stress state in a horizontal plane, being supposed to be initially isotropic, returned isotropic but with increased mean eŠective stresses when all the three grout piles were completed. The principal stress axis rotation occurred during the process, in slightly diŠerent manners when compared between the injections at 4.2-and 8.1-m depth, suggesting that the ground reached more plastic states at shallower locations. This diŠerence may be attributable to diŠerent ground deformation modes, as there was a critical depth between 3.5-4.8 m above which the injection led to pronounced surface heaving.
The in‰uence of the pile spacing, x, or the improvement ratio, as, clearly appeared both in the peak and residual K values, with smaller x and larger as giving rise to higher K values. The K-as relationship obtained by the centrifuge tests was compatible withˆeld data at 8.1 m depth, while similar agreement was not obtained at 4.2 m depth. The K-as relationship was combined with the liquefaction resistance curves obtained by undrained cyclic Hollow Cylinder (HC) simple shear tests to link the liquefaction strength, RL, to as via K. Such a relationship is useful in planning improvement speciˆcations in terms of the equivalent pile diameter (d ), x and as. In determining speciˆcations, ground surface heaving is also a factor to consider, particularly in delicate facilities such as airport runways. It was shown by the centrifuge tests that the smaller pile spacing led to marked surface heaving even with installation of only three grout piles. For injections above the critical depth, the purposes of obtaining larger conˆning stress (K ) and suppressing surface deformation are in an obvious trade-oŠ. 
